Leaching of dye physically trapped into a micrometer-thick optode membrane is a common problem in optic-fiber sensor design. Many methods have been published for slowing down the leaching process. Covalent binding of dye molecules on suitable matrices is one of the most efficient immobilization methods. [1] [2] [3] [4] [5] [6] [7] Recently, we have described a new optic-fiber sensor for tetracycline antibiotics based on covalently immobilized anthracene.
Recently, we have described a new optic-fiber sensor for tetracycline antibiotics based on covalently immobilized anthracene. 8 A distinct advantage of the sensor is that the lifetime is prolonged. Here, we further extend the previous work to a new methacrylate-acrylate-based copolymer binding a flavone derivative for constructing a metronidazole sensor.
Flavones are secondary metabolites found in distinct families and genera in the plant kingdom. They show several biological properties, such as inhibition of protein tyrosine kinase, cytoxicity against cancer cells, antiviral, antibacterial and antioxidant activities. Recently, Wang et al. reported on the photochemical and photophysical properties of 4¢-N,N-dimethylaminoflavone derivatives with characteristic fluorescence emission. 9, 10 Among them, 3-hydroxyl-4¢-N,Ndimethylaminoflavone methacrylate (HMFM) was used as a new fluorescence probe to study the conformation of the water-soluble polymer. 11 Metronidazole, 1-(2-hydroxyethyl)-2-methyl-5-nitromidazole, has been widely used for the treatment of protozoa and anaerobic bacterial infections. The methods reported for measuring the concentration of metronidazole include spectrophotometry 12 , polarography 13 , voltammetry 14 and chromatography. 15 Two optic sensors for metronidazole based on pyrenebutyric acid physically trapped in PVC membranes were described by Chen and his co-workers. 16, 17 In this study, we developed a new optic-fiber sensor for metronidazole based on the fluorescence quenching of a covalently immobilized flavone derivative. The sensor shows good response properties, including reversibility, reproducibility, selectivity and a short response time. Also important is a prolonged lifetime, because of the covalent immobilization of dye.
Experimental

Apparatus
Fluorescence was measured by using an M-850 spectrofluorometer (Hitachi, Japan) with both excitation and emission bandpasses set at 5.0 nm and a filter of 430 nm set in the emission path. Optic-fiber sensing experiments were carried out with a home-made Teflon flow-through cell, which has been described elsewhere. 18 An optode membrane cast on a quartz glass plate was located on the top of the flow chamber of the cell. A bifurcated optic fiber (1 m in length, 6 mm in diameter at the common end, Beijing Glass Institute) was connected with the spectrofluorometer via an optic-fiber accessory to carry the excitation and emission light to and from the cell. The solution was pumped through the cell by a peristaltic pump at a flow rate of 1.2 ml min -1 . Measurements of the pH were made on a Model PH-3C pH meter (Shanghai, Analytical Instruments) equipped with a combination electrode calibrated by the two standard method.
Reagents
Methyl methacrylate (MMA) and butyl acrylate (BA) (Tianjin Chemical Reagents, Tianjin) were washed with dilute aqueous NaOH to remove any inhibitor, then dried and distilled at reduced pressure. A monomer of 3-hydroxy-4¢-N,N-dimethylaminoflavone methacrylate (HMFM) was synthesized according to the literature. 19 2,2¢-Azobis(isobutyronitrile) (AIBN) (Shanghai Chemical Reagents, Shanghai) was recrystallized from methanol. Dichloroethane, tetrahydrofuran (THF) and bis(2-ethylhexyl)sebacate (DOS) (Changsha Chemical Reagents, Changsha) were used without further purification.
Metronidazole (Hunan Pharmaceutical Institute) was dissolved in water to prepare a 3.00´10 -2 mol l -1 stock standard solution. Working solutions were obtained by serial dilution of the stock. NH 4 OAc buffer (pH 7.0) was prepared by dissolving 77 g of NH 4 OAc in 500 ml of water; the solution pH was checked by a pH meter and adjusted if necessary.
Unless stated otherwise, all solutions were prepared using analytical-reagent grade agents and doubly quartz distilled water.
Copolymer preparation
A new cop _ olymer of HMFM with MMA and BA (PFMB) was prepared by AIBN-initiated radical polymerization in oxygen-free dichloroethane under refluxing for 20 h. The copolymer was purified by three-times precipitation from dichloroethane into methanol. The resulting precipitate was dried under vacuum at ambient temperature. The average molecular weights of PFMB were measured by gel-permeation chromatography to be 63200 (M n ) and 65400 (M w ).
Membrane preparation
A membrane cocktail was prepared by dissolving 75 mg of PFMB and 40 mg of DOS in 1 ml of THF. About 0.1 ml of the solution was used for fabricating the sensor membrane by a spinning device. 20 A membrane of approximately 2 -4 mm in thickness was cast on a quartz glass plate (10 mm in diameter).
Measurement of metronidazole
All fluorescence measurements were made at the maximum excitation and emission wavelengths of PFMB (l ex =380.0 nm, l em =444.0 nm). The sensor membrane was firstly allowed to equilibrate for 5 min with the sample solution to obtain a stable fluorescence signal. After each measurement, the fluorescence intensity of the optode membrane was recovered by pumping the blank buffer solution through the cell prior to the next measurement.
Sample preparation
Ten metronidazole tablets were ground. About 35 mg of the powder was dissolved in water and diluted to 50.0 ml. With the initial portion discarded, the filtrate was collected and used for analytical determinations.
Results and Discussion
Response to metronidazole
The newly synthesized PFMB copolymer carries both electron-donor (the aromatic amino group) and electron-acceptor (benzoyl system) moieties in conjugated positions in its molecule. Therefore, it is possible for the copolymer to form an intra-or inter-molecular charge-transfer complex. Certainly, it is not surprised that an intermolecular charge-transfer complex is formed between PFMB and an electron-acceptor molecule (metronidazole). Figure 1 shows the excitation and emission spectra of the PFMB optode membrane in different concentrations of metronidazole solution. Upon exposure to a blank buffer, the maximum excitation and emission wavelengths of the optode membrane were located at 380.0 nm and 444.0 nm, respectively, while in metronidazole solutions a bathochromic shift of the excitation spectrum and a decrease in fluorescence intensity are observed. The findings, together with the absorption spectra of PFMB and metronidazole in ethyl acetate (Fig. 2) , which overlap each other, 548 ANALYTICAL SCIENCES JUNE 1998, VOL. 14 might be interpreted by assuming charge-transfer complex formation between PFMB and metronidazole extracted from the aqueous solution. Besides the formation of a charge-transfer complex, the excitation radiation might be absorbed by metronidazole, resulting in a primary inner-filter effect and the quenching of the fluorescence of the PFMB by metronidazole. The quenching curve of the optode membrane in metronidazole solutions is given in Fig. 3 . When the concentration of metronidazole is lower than 3.00´10 -3 mol l -1 , the response curve can be fitted to the SternVolmer equation,
Here, F 0 and F denote the fluorescence intensities in the absence and presence of metronidazole, respectively, [MNZ] is the concentration of metronidazole in aqueous solution, and K is the quenching constant. Additionally, the downward bending of the F 0 /F vs.
=1+K[MNZ].
F 0 F metronidazole concentration curve observed at concentrations higher than 3.00´10 -3 mol l -1 may be justified if the primary inner-filter effect is increased and the charge-transfer complex is formed upon increasing the metronidazole concentration. Equation (1) was used as a quantitative basis for the determination of metronidazole in the following experiments.
Effect of acidity
The effect of the acidity on the sensor response was investigated by exposing the PFMB membrane to metronidazole solutions with different pH. The results are shown in Fig. 4 . The maximum quenching efficiency was obtained over a wide pH range from pH 4.6 to pH 10.5. A NH 4 OAc buffer solution of pH 7.0 was employed in the subsequent experiments.
Optimization of membrane composition
An optode membrane was first fabricated from about 0.1 ml of a THF cocktail containing PFMB and DOS. Optimization of the membrane composition including PFMB, HMFM, and DOS was performed by using an orthogonal experimental design [L 16 (4 5 )]. The amount of HMFM covalently bound in PFMB copolymer was determined by the HMFM monomer values used for PFMB copolymerization. Thus, during the optimization process HMFM content in PFMB was calculated in terms of the amount taken in experiment. The linear range and the slope of the response curve were employed as target factors to evaluate the membrane performance during the optimization process. Table 1 lists the experimental results. It is noted that a newly prepared membrane should be conditioned with the buffer for a while in order to realize a stable fluorescence value. A long equilibrium time of ca. 30 min was required for DOS free membranes, while equilibrium was attained within 5 min for a DOS plasticized membrane. There is no significant difference in the response range for all of the membranes tested. The optode membrane prepared from membrane cocktail 549 ANALYTICAL SCIENCES JUNE 1998, VOL. 14 No. 10 had the largest response slope, and thus a 1 ml of THF cocktail prepared by dissolving 75 mg of DOS and 40 mg of PFMB copolymerized with 30 mg of HMFM was used in the optode membrane preparation.
Response time, reversibility and reproducibility
The time-dependent responses of the sensor membrane upon exposure to solutions of two different concentrations of metronidazole were tested (Fig. 5) . The response time needed to reach a stable fluorescence signal was ca. 30 s. The reversibility was also satisfactory. The fluorescence intensity of the sensor membrane could be recovered by exposing the membrane to a solution blank for about 30 s. The relative standard deviations of the membrane fluorescence intensities of repeated measurements were 0.23% and 0.35% for 3.00´10 -4 mol l -1 and 9.00´10 -4 mol l -1 metronidazole (n=10), respectively, indicating that the sensor has a good reproducibility for the determination of metronidazole.
Lifetime
For a comparison with the immobilization efficiency of flavone derivative onto PFMB copolymer, we fabricated a sensor membrane trapped with the dye in a cop _ olymer of methyl methacrylate (313 mg) with butyl acrylate (1876 mg) (PMB) polymerized similarly to PFMB. A blank solution was continuously pumped through the flow-cell to contact with the sensor membrane. The membrane fluorescence intensities were recorded over a period of 10 h with an interval of 30 min. The results are shown in Fig. 6 . A decrease of 32.5% in the fluorescence intensity was observed for the PMB membrane, indicating that a significant leaching of the flavone derivative from the PMB membrane occurred during the measurement process.
Under the same experimental condition, no decrease in the fluorescence intensity was practically observed 550 ANALYTICAL SCIENCES JUNE 1998, VOL. 14 a. The membrane components are dissolved in 1 ml of THF. b. The amount used in copolymerization. ( Fig. 6 ) from the sensor membrane fabricated with the PFMB copolymer to which flavone derivative was covalently bound. This experiment clearly showed that the proposed sensor has a better stability when contacting with a blank solution. Moreover, after the membrane was continuously exposed to 1.00´10 -3 mol l -1 metronidazole for 24 h, the fluorescence reading of the membrane could be easily restored to its initial values. The covalent immobilization of a membrane active component can substantially improve the lifetime of an optical sensor by hindering the leaching of such a component.
Selectivity
The effect of some potential interferants on sensing metronidazole was examined. The common cations and anions, and some pharmaceutical species showed no substantial effect on the membrane fluorescence intensities ( Table 2) . The sensor has a sufficient selectivity for metronidazole, making it feasible for practical applications in analyzing pharmaceutical preparations.
Preliminary application
The proposed sensor was used for the direct determination of metronidazole in commercial pharmaceutical preparations. The sample solutions, prepared as discussed in the experimental section, were diluted with NH 4 OAc buffer solution and analyzed using the sensor by a calibration-curve method. Table 3 gives the results, which are in agreement with those obtained by the pharmacopoeia method. 21 (Received December 17, 1997) (Accepted January 28, 1998) 551 ANALYTICAL SCIENCES JUNE 1998, VOL. 14 Each sample solution contains a fixed concentration of metronidazole. F1 and F2 are the fluorescence intensities of the optode membrane contacted with 1.00´10 -3 mol l -1 metronidazole without and with the interferant, respectively. 
